Bone marrow (BM) and peripheral blood (PB) derived mononuclear cells are precursors of in vitro osteoclast differentiation. However, few studies have compared the phenotypic and functional properties of osteoclasts generated from these sources and the effects of different growth factors on osteoclastogenesis. Both cell types differentiated into functional osteoclasts, but culturing the cells with or without transforming growth factor beta (TGF-b) and dexamethasone revealed differences in their osteoclastogenic capacity. When receptor activator for nuclear factor kB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) were used for differentiation, we did not observe differences in bone resorption activity or expression of osteoclastogenic genes calcitonin receptor (CR) and nuclear factor of activated T-cells (NFATc1) between the osteoclasts formed from the two sources. Addition of TGF-b and dexamethasone led to higher number of nuclei in multinuclear cells and increased expression of tartrate resistant acid phosphatase (TRACP) 5a and 5b, CR and NFATc1 in PB-derived osteoclasts depicting the higher osteoclastogenic potential and responsiveness to TGF-b and dexamethasone in PB monocytes. These results conclude that the choice of the osteoclast precursor source as well as the choice of osteoclastogenic growth factors are essential matters in determining the phenotypic characteristics of heterogeneous osteoclast populations.
Introduction
The multinuclear bone resorbing cells, osteoclasts, are differentiated by fusion of monocyte/macrophage lineage cells originating from the hematopoietic stem cell population [1, 2, 3, 4, 5] . These cells are present in bone marrow (BM) as well as circulating in peripheral blood (PB), and are widely used as osteoclast precursors in in vitro studies of bone biology [6, 7, 8, 9] . A population of the circulating monocytes is assigned as cell cycle-arrested quiescent osteoclast precursors (QOPs), which begin their differentiation initially in hematopoietic tissues, thereafter circulate transiently in the bloodstream, and finally migrate to bone surfaces for the last stages of osteoclastogenesis [10, 11, 12, 13] .
After isolation, mononuclear cells from BM or PB can be readily differentiated into osteoclasts, since the differentiation requires only two growth factors, receptor activator for nuclear factor kB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) [3, 14, 15] . Although these two growth factors are regularly used for differentiation, there are also studies which show that addition of transforming growth factor beta (TGF-b) and dexamethasone can enhance the osteoclastforming potential of the precursors and the resorptive activity of the generated osteoclasts [16, 17, 18] .
It has recently been proposed that there might actually be more than just one type of osteoclast. Sprangers and co-workers [19] suggested that different monocyte subpopulations can differentiate into distinct types of osteoclasts depending on the prevailing physiological condition. They propose that in physiological homeostasis the main osteoclast precursor is the classical (CD14 þþ CD16 -) monocyte, whereas in inflammatory conditions the intermediate (CD14 þþ CD16 þ ) monocytes could differentiate into osteoclasts which have an increased ability to resorb bone. In this regard, it is interesting that the major monocyte type in blood, the classical monocyte, has also been shown to be the primary osteoclast precursor cell [20, 21, 22, 23, 24, 25, 26] , whereas bone marrow contains mainly intermediate monocytes [27] .
We hypothesized that osteoclast precursors derived from BM and PB exhibit different osteoclastogenic potential and responsiveness to TGF-b/glucocorticoids.
There are few studies comparing the osteoclasts differentiated from BM and PB, and they mainly concentrate on comparing the osteoclast precursor sources rather than studying the differentiation process i.e. osteoclastogenesis or the functional differences between the osteoclasts [28, 29] . We have previously shown that gap junctional communication is one of the mechanisms in the cell fusion during osteoclastogenesis from BM and PB monocytes [30] . Here, we have compared multinuclear osteoclast-like cell formation and the effects of different growth factor cocktails on it with human BM and PB mononuclear cells. To our knowledge, this is the first study comparing osteoclastogenesis, bone resorption activity, sensitivity to TGF-b/dexamethasone, and osteoclast-specific marker expression in human osteoclasts differentiated from BM and PB monocytes.
Materials and methods

Osteoclastogenesis from human BM mononuclear cells
The isolation and culture protocol were modified from [18] . BM samples were received from hip replacement surgery patients in Oulu University Hospital. Patients were 52e77 eyear-old men and women who gave a written informed consent. The total number of patients participating in the study was 12, but the single experiments were carried out with 3 separate patient samples due to the low number of cells obtained from one patient. The patient samples used for different experiments are listed in Table 1 . The study was approved by the Ethical Committee of The Northern Ostrobothnia Hospital District. All experiments in this study were performed in . Cells were cultured in a-MEM containing 10 % FBS, 2 mM Lglutamine, 100 IU/ml penicillin and 100 mg/ml streptomycin (Sigma-Aldrich). Osteoclastogenesis was induced with 20 ng/ml RANKL (PeproTech EC) and 10 ng/ ml M-CSF (R&D Systems) according to [31] or with 50 ng/ml RANKL, 25 ng/ml M-CSF, 5 ng/ml TGF-b (R&D Systems) and 1 mM dexamethasone (Sigma-Aldrich) according to [18] . Half of the medium was changed every 3e4 days (100 ml). At one week time point, all medium was changed (200 ml/well). Cells were cultured at þ37 C (5 % CO 2 , 95 % air) for 12 days when all growth factors were used and 14 days when only RANKL and M-CSF were used.
Osteoclastogenesis from human PB mononuclear cells
PB mononuclear cells were collected from whole blood sample from the hip replacement surgery patients shortly before the operation. The patients gave a written informed consent before donating the samples. Ficoll-Paque Premium gradient centrifugation was performed for the diluted (1:1; PBS) blood sample as described earlier. Cell culture and differentiation were done equally to the BM sample.
Counting of multinuclear cells and the number of nuclei
After culturing the cells were fixed with 4 % PFA in PBS. The actin cytoskeleton was stained with Alexa 488-conjugated phalloidin (200 U/ml stock diluted 1:100 in PBS;
Invitrogen Europe, Paisley, UK) for 20 minutes at þ37 C. Nuclei were stained with Hoechst 33258 (1 mg/ml stock diluted 1:800 in PBS; Sigma-Aldrich) for 10 minutes at room temperature. Staining for osteoclast-specific enzyme TRACP was carried out with a commercial acid phosphatase leukocyte kit (Sigma-Aldrich) for 20 minutes at þ37 C. The samples were mounted in 70 % glycerol-PBS and viewed in a Nikon Eclipse E600 fluorescence microscope (Tokyo, Japan) and Plan 10 Â objective. Multinuclear cells with three or more nuclei were counted from each bone slice from five randomly chosen microscope fields, bone slice n ! 3. of resorption pits versus intact bone surface was counted. The proportion of resorbed area was normalized to multinuclear cell number (counting described above), and the average area resorbed by one cell was calculated.
Measurement of C-terminal telopeptide of type I collagen (ICTP)
As bone is degraded during resorption, ICTP fragments are released into culture medium indicating the level of bone resorption. ICTP levels were measured with UniQ ICTP radioimmunoassay kit (Orion Diagnostica, Espoo, Finland). The media were collected on day 12 or 14 before fixation. ICTP was measured according to the kit instructions in duplicates from 3 cultures made from independent patient samples.
The ICTP levels were normalized to cell number (counting described above).
TRACP immunostaining
For TRACP immunostaining 500 000 mononuclear cells from BM and PB samples were grown on glass slides (0.20 cm 2 ; 2.5 Â 10 6 cells/cm 2 ). After fixation with 4 % PFA in PBS the cells were permeabilized with 0.1 % Triton X-100 for 10 minutes and blocked with 1 % BSA (Sigma-Aldrich) for 30 minutes at room temperature.
TRACP 5a was stained with 1:100 diluted rabbit serum anti-TRACP 5a for 1 hour at þ37 C. TRACP 5a and 5b were stained similarly with rabbit serum anti-TRACP, which binds to both 5a and 5b isoforms. TRACP antibodies were produced as described earlier [32] . Secondary antibody was goat anti-rabbit Alexa 488 (2 mg/ ml stock diluted 1:100 in PBS; Invitrogen) incubated for 30 minutes at þ37 C.
Actin cytoskeleton was stained with TRITC-conjugated phalloidin (0.1 mg/ml stock 
Analysis of TRACP isoforms from cell culture medium
After the 12 or 14 days culture the media were removed and stored in À80 C.
TRACP levels in media were measured with a sandwich ELISA for TRACP 5a and TRACP 5b separately. Briefly, for capturing of TRACP 5a, media and recom- 
Quantitative reverse transcription PCR (qRT-PCR)
After 12 or 14 days' culture, total RNA was isolated from the bone slices with a commercial RNA isolation kit (Macherey-Nagel, D€ uren, Germany). Media were removed from the wells and lysis buffer with 20 mM DTE was pipetted back and forth in the wells. Isolation was completed with the NucleoSpin RNA column purification. Lysis buffer from 3 parallel wells were combined in one column. After phosphate dehydrogenase (GAPDH) and TBP housekeeping genes were used as endogenous controls for normalizing each sample. The sample values were normalized to the average expression of the two housekeeping genes and the relative expression was determined by 2 ÀDCT -method [34] . The housekeeping genes were shown to be stable using Bio-Rad CFX Manager Gene Study, version 3.1. The following (at least one intron spanning) primers for the housekeeping genes and targets (calcitonin receptor; CR, and nuclear factor of activated T-cells; NFATc1) were designed according to [34] and synthesized by Metabion International (Planegg,
. Unspecific PCR products were tested by subjecting all genes to melt curve analysis. QRT-PCR analysis was performed for cultures obtained from 3 independent donors.
Statistical analysis
All experiments were done with groups of n ! 3 and repeated with at least 3 independent patient samples. Statistical analyses were performed using SPSS statistics 3. Results
Multinuclear cells developed in bone marrow and peripheral blood mononuclear cell cultures
Osteoclastogenesis in human BM and PB monocytes on bone slices was induced with two different growth factor sets: RANKL and M-CSF only [31] or RANKL, M-CSF, TGF-b and dexamethasone [18] . Both cell types differentiated into tartrate-resistant acid phosphatase (TRACP) -positive multinuclear cells with visible actin rings regardless of the growth factors used (Fig. 1a and b) . A significant proportion of cells in BM cultures were fibroblast-shaped stromal-like cells, which were almost absent in PB cultures. Fig. 2 illustrates the presence of stromal-like cells in these cultures. The morphology of the elongated and spindle-like stromal cells differs clearly from the more spherical appearance of the monocytes. Furthermore, although some TRACP-positive spherical monocytes can be regularly seen in the cultures, the stromal-like cells are always TRACP-negative (data not shown), depicting that they presumably represent a mesenchymal origin. Therefore, we here refer to them as stromal cells. The different culture protocols did not seem to affect the number of the stromal cells in the BM cultures.
When multinuclear cell formation from BM and PB were compared at day 14, the number of multinuclear cells differentiated from PB with RANKL and M-CSF was significantly lower than from BM (p < 0.01) (Fig. 1c) . With all growth factors and dexamethasone, there were no significant differences in the number of multinuclear cells between the two mononuclear cell sources. However, with all growth factors and dexamethasone, the PB-derived multinuclear cells had significantly more nuclei per cell compared to BM derived cells (p < 0.001) (Fig. 1d) . The difference was not seen in cells cultured with RANKL and M-CSF only.
Both bone marrow and peripheral blood derived multinuclear cells resorbed bone
Osteoclasts from the different sources and with different growth factor sets were able to form resorption pits on the human bone slices on which they were cultured (Fig. 3a) . All osteoclasts were rather active in bone resorption, since the area resorbed by one cell ranged from 1.1 % to 2.0 % of the total resorption area. In all groups 30e40 % of the total bone slice area was resorbed. There were no differences in bone resorption activity between the cell types with either culture protocol (Fig. 3b) . Similarly, there were no differences in the cells' ability to release ICTP from bone (Fig. 3c) . Slightly more ICTP was released from bone by PB-derived osteoclasts when cultured with RANKL and M-CSF, but the effect was not statistically significant. 
Peripheral blood derived osteoclasts showed higher expression levels of TRACP 5a and 5b
TRACP 5a can be visualized without interference of isoform 5b using an antibody generated towards the 5a-specific loop domain, which is missing in TRACP 5b.
TRACP 5a and 5b i.e total TRACP were detected using another polyclonal antibody raised towards the full-length TRACP 5a protein [32, 35] . Confocal microscopy revealed that TRACP 5a was expressed more intensely in BM and PB cultures which were differentiated only with RANKL and M-CSF (Fig. 4a) . TRACP 5a was detected mainly in mononuclear cells with a weaker signal in multinuclear cells.
When treated with RANKL and M-CSF, the PB cultures contained more mononuclear cells than the BM cultures. With this culture protocol, it seemed that the most intense staining was observed in PB cultures, corresponding to the increased number of mononuclear cells positive for TRACP5a. This was supported by ELISA for the different TRAP isoforms, which also showed that the highest level of TRACP 5a
was observed in media from PB culture with RANKL and M-CSF, although the effect was not significant when compared to BM cultures (Fig. 4c) . In TRACP 5b analysis, no significant differences were observed between the two cell types in secretion of TRACP 5b in the culture medium (Fig. 4d) .
Interestingly, TRACP 5a and 5b staining revealed that the lowest levels of TRACP were expressed in BM cultures with all growth factors and dexamethasone (Fig. 4b ).
ELISA analysis of TRACP isoforms revealed that these cultures secreted significantly lower amounts of both TRACP 5a and TRACP 5b in cell culture medium compared to PB cultures differentiated with the same protocol ( Fig. 4c and d) , corresponding to the lower number of multinuclear cells formed in BM cultures (Fig. 1c) . The lower secretion level of TRACP 5b might correspond to the lower number of osteoclasts in BM cultures (Fig. 1c) , and the lower level of TRACP 5a corresponds to the fewer mononuclear preosteoclasts present in BM cultures.
Peripheral blood derived osteoclasts expressed higher levels of calcitonin receptor and NFATc1
The relative expression of two genes expressed in mature osteoclasts, calcitonin receptor (CR) and nuclear factor of activated T-cells (NFATc1), were analyzed with qRT-PCR. When cultured with only RANKL and M-CSF, CR expression in both cell types was at the same level with the expression of housekeeping genes Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and TATA-box binding protein (TBP) (Fig. 5a ).When cultured with all growth factors and dexamethasone, the expression of CR increased, but no statistical differences were seen between BM and PB cultures.
The expression of NFATc1 seemed to be slightly higher than the expression of the housekeeping genes GAPDH and TBP in the groups cultured with RANKL and M-CSF (Fig. 5b) . Similar to CR expression, also NFATc1 expression was upregulated with the addition of TGF-b and dexamethasone, but there were no statistical differences between the cell types. As NFATc1 is a transcription factor crucial for osteoclastogenesis, the results indicate that all types of cells studied had started to differentiate towards osteoclasts. Although not statistically significant, the tendency for the higher expression levels of osteoclast specific genes in PB cultures might depict a more complete osteoclast differentiation in these cells.
Discussion
This study originated from the question whether different culture conditions have varying effects on osteoclastogenesis from BM and PB monocytes. Although BM The data in graphs is pooled from 3 patients and shown as mean AE SEM. Images from one representative patient sample were taken with confocal microscope and 10 x objective. ***p < 0.001.
and PB mononuclear cells are widely used as osteoclast precursors in in vitro studies, little is known about the differences in the osteoclastogenic potential between these two sources. We show here that functional osteoclasts can be differentiated from both sources, but the osteoclasts generated by different protocols vary in expression levels of common osteoclast markers.
When only RANKL and M-CSF were used for differentiation, more multinuclear cells formed from BM derived monocytes, but there were no differences in bone resorption capability or osteoclastogenic gene expression compared to PB-derived cultures.
As previously shown [16, 17, 18] , addition of TGF-b and dexamethasone increased the multinuclear cell and nuclei number, as well as the expression of osteoclastrelated genes CR and NFATc1 in both BM and PB derived osteoclast cultures. With this protocol the PB derived osteoclasts contained more nuclei, secreted more of both TRACP isoforms 5a and 5b to the cell culture medium and expressed higher levels of osteoclastogenic genes CR and NFATc1 compared to BM derived osteoclasts, although the latter differences were not statistically significant. Since CR expression is considered to be relatively specific for osteoclasts, it is likely that in cells treated with all growth factors and dexamethasone, the osteoclastogenic differentiation was more complete in regard to the gene expression profile. Interestingly, CR levels differ between the groups potentially reflecting differences in calcitonin-mediated regulation of the cells.
These results highlight the importance of the combination of growth factors and concentrations of them for osteoclastogenesis from these mononuclear precursors. The stimulates osteoclastogenic differentiation, did not have an effect on bone resorption [36] . The PB monocytes appeared to be more responsive to TGF-b and dexamethasone than BM-derived monocytes. This is in line with the concept of the circulating osteoclast precursors [10, 11, 12, 13] and the fact that the majority of monocytes in PB are the classical monocytes, which are the main osteoclast precursors [20, 21, 22, 23, 24, 25, 26, 27] . It seems that the addition of TGF-b and dexamethasone for PB monocytes intensely boosts their osteoclastogenesis, which could indicate a higher sensitivity of PB monocytes to TGF-b. TGF-b has been shown to be a costimulator for RANKL in promoting differentiation and survival of osteoclast precursors and to inhibit osteoclastogenesis suppressor molecules [16, 17] . Similarly, dexamethasone has been reported to stimulate the initial phases of osteoclastogenesis synergistically with TGF-b and to decrease the expression of certain suppressor molecules, such as interferon beta (IFN-b) [37] .
Essential in interpreting these results is also the fact that the BM cultures contain a large number of stromal cells, which might secrete osteoclastogenic and osteoclast regulatory molecules, such as TGF-b [38, 39] . The stromal cells were almost completely absent in PB cultures. This could explain why BM cultures with only RANKL and M-CSF contained less multinuclear cells but expressed more osteoclast-related TRACP 5b and had an equal bone resorbing activity as the group differentiated with all growth factors. It is possible that the stromal cells produce osteoclast-activating substances compensating for shortage of the other growth factor molecules. We have previously shown that the stromal cells possibly participate in the gap junctional mediated fusion of the osteoclast precursors by secreting the osteoclastogenesis promoting factors [30] . Moreover, the complex regulatory effects of the stromal cells was examined by Karst et al. [40] , who showed that a high concentration of TGF-b inhibits osteoclastogenesis from bone marrow precursors if they are cultured with stromal cells. On the contrary, a low concentration stimulated osteoclastogenesis through an increased RANKL/OPG ratio produced by the stromal cells. It is possible that in our study the additional TGF-b supplemented to the cultures along with the secretion of it from the stromal cells led to a surplus amount of it leading to diminution of osteoclastogenesis in BM cultures compared to PB cultures with the same culture protocol. As the PB cultures contained only few stromal cells, the net effect could be the observed stimulation of osteoclastogenesis with a lower concentration of TGF-b in the culture.
Another issue worth consideration when drawing conclusions from our results is that the blood and bone marrow donating patients were middle-aged or older. Aging commonly leads to bone loss [41] , which has been shown to be mediated by increased RANKL/OPG ratio and enhanced osteoclastogenesis [42] . Therefore, our results might not represent the situation in younger individuals, but instead illustrate the biology of the bone cells of the group in the higher risk of age-related bone diseases. Due to the global aging of people, the size of this population is continuously growing leading to generalization of these diseases and increased costs. Therefore, it is important to study bone biology especially within the elder population.
In conclusion, this data shows that phenotypically different osteoclasts in regard to number of nuclei, TRACP isoform secretion and osteoclast specific gene expression can be generated from BM and PB monocytes by using different growth factor cocktails. It is possible that the osteoclasts observed in PB cultures with all growth factors and dexamethasone are mainly derived from classical monocytes, which are most prone for osteoclastogenesis, and their differentiation represents osteoclastogenesis taking place in homeostasis. Moreover, monocytes from BM and PB seem to have altered osteoclastogenic potential, as PB monocytes were more responsive to TGF-b and dexamethasone. It is also possible that osteoclastogenesis from these two sources proceeds at a different pace. Various timepoints for the cell fusion and aquisition of the resorptive capability during osteoclastogenesis have been reported. Lader et al. [43] showed that osteoclasts appeared by day 3e4 in both stromal cell-free and stromal cell-rich monocyte cultures. On the contrary,
Merrild et al. [44] found that PB -derived osteoclasts were faster in initiating bone resorption compared to BM -derived osteoclasts. In addition, several studies have reported that the fusion of PB ederived monocytes begins approximately at day 3 [20, 45, 46] , whereas in BM cultures osteoclasts appear at days 5e10 depending on the culture conditions [45] . In our study, it seems that the BM monocytes differentiate quicker into osteoclasts based on higher multinuclear cell number and the lower level of TRACP 5a and thus fewer mononuclear cells in BM cultures. Since TRACP 5a is more abundantly expressed in mononuclear pre-osteoclasts, and the expression of TRACP 5a is lower in BM cultures than in PB cultures following addition of TGF-b and dexamethasone, it is possible that in this setting the mononuclear cells had fused more efficiently into multinuclear cells and thus differentiation was promoted more effectively. The increased expression of CR and NFATc1 upon addition of TGF-b and dexamethasone are also in line with this contention.
However, the finding that bone resorption activity in cultures with TGF-b and dexamethasone was decreased might reflect a different osteoclastogenic phenotype of the cells cultured with this protocol. These results conclude that the choice of the osteoclast precursor source as well as the choice of osteoclastogenic growth factors are essential matters in determining the phenotypic characteristics of heterogeneous osteoclast populations. In addition, the results might reflect that the cytokine requirements for osteoclastogenesis are other than for the activation of bone resorption.
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